Parkinson's disease (PD) is a neurodegenerative disorder characterized by the selective degeneration of dopaminergic (DA) neurons in the substantia nigra of the midbrain. Pharmacological treatment of PD has been a prevailing strategy. However, it has some limitations because its effectiveness gradually decreases and side effects develop. As an alternative, cell transplantation therapy has been tried. Although transplantation of fetal ventral mesencephalic cells looks promising for the treatment of PD in some cases, ethical and technical problems in obtaining large numbers of human fetal brain tissues also lead to difficulty in its clinical application. Our recent studies showed that a high yield of DA neurons could be derived from embryonic stem (ES) cells and they efficiently induced behavioral recovery in a PD animal model. Here we summarize methods for generation of functional DA neurons from ES cells for application to PD models.
INTRODUCTION
clinical trials has led to ethical problems as well as quantity limitations (5, 20, 39) . A good source for DA-synthesizing cells is ES cells. Embryonic stem (ES) cells, derived from the inner cell mass (ICM) of developing blastocysts (19,50), can
The generation of midbrain DA neurons from ES cells would provide sufficient cell populations, and several proliferate extensively in vitro while maintaining an undifferentiated state and may provide an unlimited source methods to generate midbrain DA neurons from mouse, primate, and human ES cells have been developed. Here of many cell types for cell therapy (15, 48) . In addition, these cells can be used as a study source for basic devel-we introduce efficient methods, including ours, to induce DA neurons from ES cells. opmental biology and to screen drugs or toxins (15, 48) .
Parkinson's disease (PD) is a neurodegenerative dis-NEURONAL DIFFERENTIATION order characterized by the loss of midbrain dopaminer-FROM ES CELLS gic (DA) neurons. DA neurons reside in several brain areas and a group of DA neurons (A9 cell group) in the If undifferentiated ES cells are directly grafted into a disease model, they may cause formation of a teratoma, substantia nigra pars compacta (SNc) of the midbrain is relevant to PD (13, 14) . A slow, progressive degenera-a collection of randomly differentiated cells. Therefore, to allow for a safe cell replacement therapy, it is critical tion of the DA neurons in the SNc by various etiological causes leads to a diminished release of DA in the stria-that ES cells should be differentiated into restricted precursor cells, from which specific cell types can develop. tum (37). In consequence, a series of symptoms such as slowness of movement (bradykinesia) and difficulty in For the application of ES cells in cell therapy of central nervous system (CNS) disorders, ES cells should initiating movement (akinesia) are shown in PD patients (25) .
acquire the characters of the neuroectoderm first. The initial step in the determination of neuroectodermal fate Pharmacological treatments of PD have limited longterm effectiveness and have led to serious side effects.
in vivo is called neural induction and is accomplished by intrinsic programs as well as nascent milieu, such as As an alternative treatment for PD, transplantation therapy using aborted fetal tissues has also been tried. How-inductive factors originated from nascent mesoderm or endoderm in vivo (36, 52) . Several differentiation ap-ever, obtaining cells from individual aborted fetuses for proaches to specify ES cells into neural lineages in vitro cursors in the developing embryo may determine identification of neuronal subtypes, this method may not be have been developed using information obtained from the developing embryo. EB-based methods, coculture adequate to derive neural precursors possessing the midbrain characters. methods with stromal cells, and other methods via default differentiation or defined monolayer culture have Another EB-based approach to direct ES cells into neural precursors is the selection/enrichment method uti-been used in neural differentiation from ES cells ( Fig.  1 ). Here we summarize these methodologies for neural lizing chemically defined media and basic fibroblast growth factor (bFGF) (38) . EBs were produced from induction from ES cells, particularly from a point of view of DA differentiation for the application in treating PD.
trypsinized mouse ES cells and cultured for 4 days in ES medium without LIF. Nestin-positive neural precur-EB-BASED METHOD FOR DA sors were then selected from adherent culture of EBs in DIFFERENTIATION FROM ES CELLS ITSFn (insulin, transferrin, selenium, and fibronectin) medium. Selected neural precursors could be enriched in The basic method used to differentiate ES cells is producing the unique spherical structures called em-bFGF-supplemented media. To endow neural precursors positional identity, specific signaling molecules were bryoid bodies (EBs) from ES cells. Trypsinized mouse ES cells can aggregate spontaneously to form spherical treated in a specific time window at a certain concentration to mimic in vivo development (41). FGF8 and sonic clumps when cultured in suspension condition without leukemia inhibitory factor (LIF) or feeder cells essential hedgehog (Shh), which are known to be essential for DA differentiation in vivo (54) , were applied to specify for maintaining the undifferentiated state. In EB, cells cross-induce each other to differentiate in a similar man-neural precursors into midbrain DA precursors. After treatment of ascorbic acid, these DA precursors began ner observed in early embryogenesis (30) . However, because spontaneous differentiation of EB yields only a to differentiate into DA neurons. This protocol is called a five-step method (31) . Without any signaling mole-small fraction of neural lineage cells, specific methods for either the promotion of neural induction or enrich-cules, naive mouse ES cells could differentiate into DA neurons up to 3.6-6.9% of Tuj1-positive neuronal cells ment of neurally restricted precursors are required. Retinoic acid (RA) treatment in EB culture, regarded as the (11,31). However, under a condition treated with Shh and FGF8, 34% of total neuronal cells showed the char-4−/4+ protocol, was reported to enhance neural differentiation (2) . Although RA treatment augmented neural acteristics of midbrain DA neurons (31) . Genetic modification can facilitate ES cell differentiation into func-differentiation in EB culture, it was reported to act as a caudalizing factor at the rostrocaudal axis during devel-tional DA neurons (10,11,29). Nurr1, the orphan nuclear receptor protein, is known to play a critical role in the opment (32) . Because positional identity of neural pre- 
differentiation of midbrain precursors into midbrain DA
Researchers attempted to mimic this cellular influence and tried to differentiate ES cells into neural precursors neurons (45,56). It was reported that Nurr1-overexpressing mouse ES cells could differentiate more efficiently and neurons by a coculture with stromal cells (16) . Kawasaki et al. developed a new protocol to induce into DA neurons by the five-stage method in the presence of Shh and FGF8 (11,29). These DA neurons func-midbrain DA neurons from mouse ES cells using a coculture with PA6, a mouse skull bone marrow-derived tioned in vivo when transplanted in a PD rodent model (29) . In addition, overexpression of Pitx3, a homeodo-stromal cell line, and naming its activity as "stromal cell-derived inducing activity (SDIA)" (26) . In this main transcription factor, facilitated differentiation of mouse ES cells into AHD2-expressing DA phenotypes method, mouse ES cells were simply cultured with PA6 feeder cells in serum-free media. EB formation and se-(10).
Human ES cells show many differences from mouse lection/enrichment of neural precursors were not required. About 52% of the total cell population differenti-ES cells in marker expression, doubling time, and cytokine or growth factor dependency (21, 48) . Technically, ated into Tuj1-positive neuronal cells after 12 days of differentiation, and ϳ30% of these neurons manifested culture conditions and expanding or manipulating methods are very peculiar (35) . Although there are many dif-the characteristics of midbrain DA neurons. Nurr1-overexpressing mouse ES cells differentiated into midbrain ferences between human and mouse ES cells, the study of mouse ES cells has provided insights into human ES DA neurons at the efficiency of about 55% of Tuj1positive neuronal cells using the SDIA method (28) . Fur-cell research. The differentiation protocols adapted to human ES cells have been developed based on those of thermore, treatment of signaling molecules (Shh, FGF8, and ascorbic acid) in this protocol synergistically en-mouse ES cells. Recently, neural precursors were derived from human ES cells through the EB-based hanced yields of midbrain dopaminergic neurons, up to 90% (28) . When these DA cells were transplanted into method (59) . EBs formed from human ES cell colonies were induced to become neuroepithelia by chemically a 6-OHDA-lesioned rat PD model, they integrated into the host well, and corrected behavioral deficits (9). defined media on tissue culture plates. After about 7 days, rosette formation could be observed. These were Barberi et al. reported that neural inducing activity is not a unique feature of PA6 stromal cells (3). They positively stained by neural precursor markers such as nestin and Musashi-1. Neural rosettes were selectively successfully induced neural cells from mouse ES cells by coculturing with other bone marrow-derived stromal isolated from nonneural cells and could be expanded as "neurosphere-like cell aggregates" in the presence of cells such as MS5. Furthermore, when treated with various combinations of signaling molecules at different bFGF (59) , or differentiated into midbrain-specific DA neurons on specific substrates by the sequential treat-time windows, ES cells could efficiently and selectively differentiate into a wide range of neuronal subtypes, as ments of signaling molecules (53) . According to this report, when early neuroepithelial cells were primed by well as astrocytes and oligodendrocytes. DA neurons were generated from ES and ntES (nuclear transfer ES) bFGF and then followed by treatment of FGF8 and Shh, neural precursors could differentiate into the forebrain cells using this method and they brought about significant behavioral recovery in parkinsonian mice without (olfactory) DA phenotypes. However, if primed by FGF8, neural precursors could be induced into midbrain DA obvious differences between the two groups (3). In addition to mouse ES cells, it was reported that neurons. More recently, a high yield of midbrain DA neurons was derived from human ES cells through the primate ES cells could differentiate into DA neurons through the coculture method. Kawasaki et al. reported generation of spherical mass composed of pure neural precursors (our unpublished observation).
SDIA-induced DA differentiation from primate ES cells (27) . Time course studies of neural and DA marker ex-Unique EB-based DA differentiation from human ES cells was recently demonstrated (46) . Culturing EBs in pression revealed that primate ES cells differentiated into DA neurons in a slower but similar manner to that media supplemented with HepG2 cell-conditioned media (MEDII) directly resulted in efficient neural induc-of mouse ES cells. However, the simple coculture method in primate ES cells induced only about half of tion. In addition, treatments of glial cell-derived neurotrophic factor (GDNF) and brain-derived neurotrophic the neurons observed in mouse cells, and TH-positive neurons at the frequency of 35% of total neuronal cells. factor (BDNF) facilitated DA differentiation (46) .
To enhance the efficiency, a modified method was sug-COCULTURE METHOD FOR DA gested (49) . Neurospheres were generated by cocultur-
DIFFERENTIATION FROM ES CELLS
ing primate ES cells with PA6 and they were induced into DA neurons with treatment of FGF20, which was In the developing embryo, formation of the neural tube and regional specification of neural progenitors in preferentially expressed in the substantia nigra. FGF20 increased the number of TH-positive neurons in the the neural tube are under the influence of inductive signals derived from adjacent nonectodermal tissues (52) .
presence of bFGF and enhanced the expression of mid-brain-specific markers. Transplantation of FGF20-in which the BMP inhibitors such as noggin and chordin are secreted. These concepts form the basis of the de-primed neurospheres into the MPTP-induced monkey PD model brought about a slight recovery of behavioral fault model for neural induction (36) . Activation of BMP signaling could induce extra-symptoms. In addition, Sánchez-Pernaute et al. derived TH-positive neuronal cells from the primate ES cell line, embryonic endoderm in both mouse and human ES cell culture (12, 42) . On the other hand, when mouse ES cells Cyno-1, through coculture with a MS5 feeder layer. They observed long-term survival (over 6 months) of were seeded at low density to minimize BMP signaling, spontaneous neural induction was observed without any grafted TH-positive cells after transplantation into primate hosts (44) .
inductive molecule (51) . Furthermore, it was reported that direct treatment of noggin into ES cell culture or Several recent reports have suggested that the coculture method was applicable to the differentiation of hu-noggin-overexpressing ES cells facilitated neural induction (22, 42) . Björklund et al. transplanted undifferenti-man ES cells into DA neurons. It was reported that human ES cells differentiated into TH-positive cells through ated mouse ES cells into parkinsonian rat striatum at low density to allow default differentiation. The grafted the modified SDIA method (57) . After several weeks of coculture with PA6, about 87% of human ES colonies mouse ES cells differentiated into DA phenotypes, which caused a behavioral recovery (6). Ben-Hur et al. derived contained TH-positive cells and differentiated cells expressed DA markers. In addition, it was reported that highly enriched neural progenitors from human ES cells with noggin treatment and used them for transplantation striatal astrocytes and GDNF could promote differentiation of human ES cells into TH-positive cells in cocul-experiment (4) . In addition to default differentiation, another method ture with PA6 feeder cells (7). Perrier et al. efficiently derived midbrain DA neurons from human ES cells for neural induction of ES cells, neither EB-based method nor coculture method, was devised (55). This report sug-through coculture with MS5 feeder cells (43). When human ES cells were cocultured with MS5 feeder layer gested that adherent monolayer culture of ES cells and defined culture condition that did not contain factors for 4 weeks, neural rosette structures, similar to those observed in EB-based methods (59), were formed. Neu-driving ES cells to nonneural fate were sufficient for neural differentiation. This protocol was featured to ral rosette structures were patterned to midbrain DA phenotypes by treatment of Shh and FGF8. In addition, minimize the confounding effects of coculture method or undefined factors for EB formation. Through the DA differentiation was hastened by exposure to GDNF, transforming growth factor (TGF)β-3, ascorbic acid, and monolayer protocol, >60% of differentiated cells were Sox1-positive neural precursors at days 4-7 and many cAMP. From this study, ϳ79% of neuronal cells appeared to be TH-positive cells (43). They released dopa-of neurons differentiated from these precursors were GABAergic phenotypes. However, when Shh and FGF8 mine, formed synapses, and were electrophysiologically active. Park et al. suggested a different protocol that hu-were exposed to differentiating cells at neural precursor stage, the ratio of TH-positive neurons was significantly man ES cells cocultured with Shh-expressing PA6 feeder cells could generate DA neurons (40). Recently, enhanced (56). Recently, homeodomain transcription factor Lmx1a was identified as one of the intrinsic deter-it was reported that coexpression of transcription factors, Nurr1, and Pitx3 in murine and human ES cells could minants of midbrain DA neurons (1) . When ES cells expressing Lmx1a in neural precursor stage were differ-facilitate the maturation of midbrain DA neuron phenotype in the coculture method (33) . entiated in the presence of Shh and FGF8 by monolayer protocol, >95% of differentiated TH-positive neurons The coculture method may be more efficient for directing the ES cells to neural induction than are the EB-showed midbrain-specific DA neuron phenotypes, but not forebrain DA neuron phenotypes (1) . based protocols (28) . However, concerns remain related to xeno-contamination and, despite its high neural inducing activity, the mechanism of inducing activity of TRANSPLANTATION stromal cells remains to be solved.
Transplantation studies with DA neurons derived from ES cells have provided potentialities for cell re-OTHER METHODS FOR DA placement therapy in PD. However, there are several is-
sues that need to be considered and improved in transplantation studies. Inhibition of the bone morphogenetic protein (BMP) signaling pathway has been thought to play a crucial First, the optimal differentiation state for transplantation should be evaluated. Less differentiated ES cells role in neural induction. Initial developmental studies demonstrated that in Xenopus embryos, the origin of have a relatively high viability in vivo; however, these cells can potentially form teratomas due to a contaminat-neural fate-inducing signals is the Spemann's organizer, 
